ABSTRACT
INTRODUCTION

44
Cyanuric acid was first synthesized in 1829 by Wöhler (1) and is currently an important 45 commercial compound and intermediate. As examples of the latter, it is used to prepare cross-46 linked polymers and chlorinated cyanuric acid for disinfection. Cyanuric acid alone is only 47 mildly toxic, but co-ingestion with melamine is extremely hazardous. Recently, melamine 48 containing significant levels of cyanuric acid was used to adulterate pet food and insoluble 49 melamine-cyanuric acid complexes (2, 3) were identified as the etiological agents of kidney 50 failure in animals that ingested food made with the tainted ingredients (4) .
51
Cyanuric acid is also formed as a metabolic intermediate during the microbial metabolism of s-52 triazine compounds such as melamine (5) and the herbicide atrazine (6) . This metabolic 53 capability is only found within a very limited number of bacteria. Those bacteria transform 54 cyanuric acid to three moles each of ammonia and carbon dioxide (7) in a three enzyme 55 hydrolytic pathway. The pathway begins with cleavage of the s-triazine ring by the enzyme 56 cyanuric acid hydrolase that produces biuret (8, 9, 10, 11). Subsequently, biuret undergoes 57 enzymatic hydrolysis with the release of ammonia by biuret hydrolase (9, 12) and the other 58 product, allophanate, is hydrolyzed by allophanate hydrolase (13) to produce two moles of 59 ammonia and carbon dioxide, respectively.
61
Current knowledge of cyanuric acid hydrolase genes and enzymes is derived exclusively from 62 studies with bacterial strains (8, 10, 11, 14, 15, 16.) . A recent study found 41 homologs to known 63 cyanuric acid hydrolase genes in publicly available sequenced genomes (11) . In that study, only 64 one eukaryotic cyanuric acid hydrolase homolog, from the green alga Micromonas sp. strain on September 13, 2017 by guest http://jb.asm.org/ Downloaded from RCC299, was found in the public databases and that was not verified to be a bona fide cyanuric 66 acid hydrolase.
67
Other enzymes that are known to cleave cyclic amide bonds belong to large protein superfamilies 68 (17), but the cyanuric acid hydrolases are not evolutionarily related to any of these superfamilies 69 and are relatively rare (11) . Barbiturase catalyzes an analogous ring opening reaction with the an ancient origin for these enzymes, making it surprising that the reactions catalyzed by this 74 protein family are relatively narrow (11, 14) . Cyanuric acid degradation by several fungi has 75 been described (20, 21, 22, 23), but the genetic and enzymatic basis for degradation was not 76 elucidated in those earlier studies.
78
In the present study, we isolated a filamentous fungus by enrichment culturing that grew using 79 cyanuric acid as the sole nitrogen source. A cyanuric acid hydrolase gene homolog was 80 identified in the strain by reverse genetics and the translated sequence, minus the intron regions, 81 was observed to be homologous to known bacterial cyanuric acid hydrolases. A bacterially-82 expressible gene was designed, the encoded polypeptide was purified, and the protein was shown 83 catalyze cyanuric acid hydrolysis efficiently and not act on many other analogous compounds.
84
The hydrolysis reaction produced carboxybiuret that decomposed spontaneously to biuret as by enzymatic reactions were monitored by nuclear magnetic resonance spectroscopy (NMR) 232 using universally labeled 13 C-cyanuric acid as described (11) . Activity on 100 µM N- approach was used to identify the cyanuric acid hydrolase activity as a prelude to identifying the 267 gene (Fig. 1) . First, a cell-free protein extract was prepared and subjected to anion exchange 268 chromatography and cyanuric acid hydrolase activity was detected in the 0.2 M KCl eluate, which contained a significant number of protein bands ( Fig. 2A) were generated from the MS/MS data by de novo sequencing independent of the database. This and known functional cyanuric acid hydrolases ranged from 39-53%, whereas the pairwise 306 identities among bacterial cyanuric acid hydrolase sequences ranged from 40-60% (Table 2) .
307
Similar tools allowed the identification of several other likely fungal cyanuric acid hydrolase 308 genes and their coding regions (Fig. 3B) . Protein purification and identifying the protein as a functional cyanuric acid hydrolase.
323
The spliced gene sequence was synthesized with codons optimized for expression in E. coli. The To verify that the fungal cyanuric acid hydrolase reaction followed the same reaction mechanism 332 as the bacterial enzymes, initial reaction products released from the enzyme were followed in 333 real time by starting with 13 C-labeled cyanuric acid and following the reaction by 13 C-NMR. (Fig. 4B ).
339
The formation of carboxybiuret as the direct enzyme product, followed by spontaneous 340 decarboxylation to biuret, has also been observed in reaction mixtures of the bacterial cyanuric 341 acid hydrolases (11, 12) .
343
While the above studies clearly showed that the fungal enzyme had cyanuric acid hydrolase 344 activity, it was possible that it was active with other substrates and those might be more 345 important physiologically. In that context, the purified fungal enzyme was screened for activity 58, 30, and 17%, respectively, of the activity observed with the substrate but lacking inhibitor.
367
Barbituric acid was previously shown to be a strong competitive inhibitor of the cyanuric acid
368
hydrolases AtzD (14) and TrzD (8). (GI:280963003) (Fig. 5) as was done previously (11) .
377
The four fungal sequences clustered together (Fig. 5) . The Sarocladium sp. CA sequence was 378 most closely related to the predicted Glarea lozoyensis ATCC 74030 sequence (Fig. 3B) . The Emiliania sequences.
388
The subclade containing the seven eukaryotic sequences and the 4 actinobacterial sequences conserved (Fig. 6) . In fact, the three serine-lysine pairs align precisely and the regions of the 413 dyads show 80-90% sequence relatedness whereas the overall sequence relatedness is only 35-
414
45%.
416
In conclusion, this study has identified and characterized a cyanuric acid hydrolase in a (9, 14) . 
